The rapidly oscillating Ap (roAp) star 10 Aql shows one of the lowest photometric pulsation amplitudes and is characterized by an unusual spectroscopic pulsational behavior compared to other roAp stars. In summer 2006 this star became target of an intense observing campaign, that combined ground-based spectroscopy with space photometry obtained with the MOST satellite. More than 1000 spectra were taken during 7 nights over a time span of 21 days with high-resolution spectrographs at the 8-m ESO VLT and 3.6-m TNG telescopes giving access to radial velocity variations of about 150 lines from different chemical species. A comparison of pulsation signatures in lines formed at different atmospheric heights allowed us to resolve the vertical structure of individual pulsation modes in 10 Aql which is the first time for a multiperiodic roAp star. Taking advantage of the clear oscillation patterns seen in a number of rare-earth ions and using the contemporaneous MOST photometry to resolve aliasing in the radial velocity measurements, we improve also the determination of pulsation frequencies. The inferred propagation of pulsation waves in 10 Aql is qualitatively similar to other roAp stars: pulsation amplitudes become measurable in the layers where Y and Eu are concentrated, increase in layers where the Hα core is formed, reach a maximum of 200-300 m s −1 in the layers probed by Ce, Sm, Dy lines and then decrease to 20-50 m s −1 in the layers where Nd III and Pr III lines are formed. A unique pulsation feature of 10 Aql is a second pulsation maximum indicated by Tb III lines which form in the uppermost atmospheric layers and oscillate with amplitudes of up to 350 m s −1 . The dramatic decline of pulsations in the atmospheric layers probed by the strong Pr III and Nd III lines accounts for the apparent peculiarity of 10 Aql when compared to other roAp stars. The phase-amplitude diagrams and bisector measurements of the Nd III 5102Å line reveal a rapid change of phase and amplitude with height for all three main pulsation modes, indicating the presence of a pulsation node in the stellar atmosphere. Finally, we report the discovery of a puzzling asymmetry of the strong Nd III lines with their blue wing extending up to −50 km s −1 , which is about 25 times the estimated value of v e sin i.
formation of structures in stellar atmospheres (Kochukhov 2004a; Ryabchikova 2004) .
The observed pulsational amplitudes of roAp stars are modulated according to the visible magnetic field structure. This observation led to the oblique pulsator model (Kurtz 1982) , where axisymmetric ℓ = 1 modes are aligned with the magnetic field axis, which itself is oblique to the axis of stellar rotation. Calculations by Saio & Gautschy (2004) showed that dipolar modes are significantly distorted by a magnetic field of kG-strength, but retain their axisymmetric character. On the other hand, the structure of pulsational perturbations can include significant non-axisymmetric components in weak-field stars (Bigot & Dziembowski 2002) . The indirect pulsation Doppler imaging of oscillations in the prototype roAp stars HR 3831 (Kochukhov 2004b) vindicated the oblique pulsator model and for the first time characterized observationally the magnetic distortion of the global p-modes.
The roAp stars are key objects for asteroseismology, which presently is the most powerful tool for testing theories of stellar structure and evolution. The classical asteroseismic analysis, utilizing precise frequency measurements, helps to constrain the luminosity and internal chemical composition of pulsating magnetic stars (e.g. Matthews, Kurtz & Martinez 1999; Cunha, Fernandes & Monteiro 2003) . Recent time-resolved spectroscopic observations of roAp stars uitilizing large telescopes (see review by Kochukhov 2007a) demonstrated the possibility of another type of asteroseismic investigation, which is focused on the upper atmospheric layers. A significant chemical stratification and a short vertical wavelength of pulsation modes lead to a remarkable diversity of the pulsational characteristics observed in individual spectral lines, notably of absorption lines of the rare-earth elements (REE) (e.g., Kochukhov & Ryabchikova 2001a; Mkrtichian, Hatzes & Kanaan 2003; Ryabchikova et al. 2007a ). The information extracted from the lines formed at different optical depths opens access to different modes and can be combined to yield a vertical tomographic map of the pulsating stellar atmosphere (Ryabchikova et al. 2007b ). Thus, applying Doppler imaging techniques and pulsation tomography to line profile variation in roAp stars promises an unprecedented 3-D picture of magnetoacoustic pulsations (Kochukhov 2005) .
These spectacular results have been obtained despite the fact that most spectroscopic observations of roAp stars were obtained in a snapshot mode and hence cover only a few hours of stellar oscillations. A detailed frequency analysis is highly ambiguous with such limited data, because of the well known aliasing problem. It can only marginally improved by combining observations from several nights, but which rarely are available when large telescopes had to be used. Therefore, despite an outstanding clarity of the pulsation curves often produced with spectroscopy, for most multiperiodic roAp stars they correspond to an unresolved mixture of different modes and thus are exceedingly difficult to interpret. This fundamental problem can be alleviated by simultaneous photometric observations with a high duty cycle, as it was successfully demonstrated by a combination of space photometry of the roAp star HD 24712 with contemporaneous VLT/UVES spectroscopy (Ryabchikova et al. 2007a) . In this paper we present an analysis of a much more extensive spectroscopic time series for another pulsating Ap star, 10 Aql, which was observed simultaneously from ground and space.
10 Aql (HR 7167, HD 176232, HIP 93179) is one of the brightest roAp stars. Ryabchikova et al. (2000) performed its model atmosphere and abundance analysis using high-resolution spectra. They have estimated T eff = 7550 K, log g = 4.0, and derived M = 2.0 ± 0.2 M⊙, R = 2.5 ± 0.2 R⊙ from the comparison of the stellar parameters with theoretical evolutionary tracks. have included 10 Aql in their study of the evolutionary state of magnetic chemically peculiar stars. Adopting a photometric temperature T eff = 7900 K, they found M = 1.95 ± 0.04 M⊙, log L = 1.32 ± 0.05 and a fractional age of 64-76% of the main sequence lifetime. The abundance pattern of 10 Aql is characteristic of a cool Ap star. A notable spectral anomaly is the overabundance of the doubly ionized REEs, Pr III and Nd III. A longitudinal magnetic field of about 500 G was detected in 10 Aql by Babcock (1958) , Preston (1970) and Ryabchikova et al. (2005) . Using magnetic Zeeman splitting in unpolarized spectra Kochukhov et al. (2002) provided the first measurement of the mean magnetic field modulus in 10 Aql, B = 1.5 ± 0.1 kG, which later was confirmed by Leone, Vacca & Stift (2003) , and he estimated the projected rotational velocity ve sin i = 2.0 km s −1 . The sharpness of spectral lines and the absence of measurable variations of the mean longitudinal magnetic field indicate that 10 Aql has a long rotational period.
Recently, have studied the vertical stratification and isotope anomaly of Ca in a number of Ap stars, including 10 Aql. These authors found a concentration of Ca in deeper atmospheric layers and invoked a vertical separation of the Ca isotopes to explain the shape of the Ca II infrared triplet lines. A comprehensive chemical stratification analysis of 10 Aql is currently underway by Nesvacil et al (in preparation) , but already a preliminary result (Nesvacil, Weiss & Kochukhov 2008) shows that Si, Ca, Cr, Fe, and Sr share a qualitatively similar vertical abundance distribution, characterized by a rapid increase of the element abundances below log τ5000 ≈ −1. A re-determination of the atmospheric parameters taking into account individual chemical abundances and stratification supports the spectroscopic T eff ≈ 7600 K obtained by Ryabchikova et al. (2000) .
Photometric variations with a period close to 11.4 min and an amplitude below 0.5 mmag were discovered in 10 Aql by Heller & Kramer (1988) . Heller & Kramer (1990) identified three pulsation modes with periods of 11.06-13.45 min, based on 26 h of high-speed photometry in the B-band. Despite an aliasing problem in their data, Heller & Kramer (1990) were able to determine the large frequency separation, ∆ν = 50.6 µHz. Belmonte, Martinez Roger & Roca Cortes (1991) collected 47 h of time-resolved photometry in the J-band, confirming oscillations in 10 Aql. Moreover, their study suggested that the amplitude of the infrared photometric variations significantly exceeds variations in the B-band, which is unusual for a roAp star (e.g. Martinez, Sekiguchi & Hashimoto 1994; Matthews et al. 1996) . However, no oscillations were detected in the follow-up photometric monitoring conducted in the H-band (Belmonte, Kreidl & Martinez Roger 1992) .
Radial velocity variations with previously known oscillation periods were discovered in 10 Aql by Kochukhov et al. (2002) . Over two nights they observed the star during a total of 8 h in a short wavelength region centred at λ 6150Å. Unlike the majority of other roAp stars, 10 Aql showed only a weak variability with an amplitude of ≈ 30 m s −1 in the strong Nd III 6145Å line, but exhibited amplitudes at the level of 80-130 m s −1 in the lines of first REE ions, Gd II and Eu II. Aiming to extend the study of pulsational variation of 10 Aql, Hatzes & Mkrtichian (2005) analysed spectra covering 11.6 h of time-resolved observations during three nights. Somewhat surprisingly, despite a broad wavelength coverage of their data, Hatzes & Mkrtichian (2005) were able to confirm the presence of RV variations in only 5 individual spectral lines, Table 1 . Pulsation frequencies of 10 Aql identified in the MOST photometric campaign (Huber et al. 2008) . The numbers in brackets give the estimated error in units of the last significant digit. The two candidate frequencies, f i and f j , are possibly present in the MOST data but could not be definitely confirmed. two of which remained unidentified. The authors found the highest RV amplitude of 400 m s −1 in an unidentified line at λ 5471.42Å but could not detect pulsations in strong doubly ionized REE lines which show prominent variability in other roAp stars. In addition to its remarkably low-amplitude photometric pulsational variations, 10 Aql seems to exhibit an unusual spectroscopic pulsational behaviour, making this star perhaps an intermediate object between high-amplitude roAp stars and apparently constant non-pulsating magnetic Ap stars.
10 Aql was chosen as a target for an extensive observing campaign by the Canadian photometric space telescope MOST (Walker et al. 2003) . The star was observed as a primary target in June-July 2006, and nearly 120000 10 s exposures were collected during 31 d at a sampling interval of 20 s. The frequency analysis by Huber et al. (2008) revealed three definite periodicities and two candidate frequencies (see Table 1 ). Huber et al. showed that the two largest amplitude peaks reported by Heller & Kramer (1990) are 1 d −1 aliases of the intrinsic stellar frequencies f1 and f2. The third significant MOST frequency, f3 = 1.43 mHz, has not been detected in previous photometric observations of 10 Aql. The lack of rotational modulation signal in the MOST data confirms the suspected slow rotation of the star. Huber et al. (2008) derived an improved value of the large frequency separation, ∆ν = 50.95 µHz, and have compared the observed frequencies with the predictions of the theoretical models of non-adiabatic, magnetically distorted p-modes (Saio 2005) .
With the aim to improve the frequency analysis, study line profile variations and perform a tomographic analysis of the pulsations in the atmosphere of 10 Aql, we have organized a groundbased spectroscopic observing campaign simultaneously with the MOST observations. Using high-resolution spectrographs at 4-and 8-m telescopes, we have collected a superb observational material with very high signal-to-noise ratio, wide wavelength coverage and a high spectral resolving power. This combination of the data quality and time coverage has been never achieved before for any roAp star.
Preliminary results of our pulsation study of 10 Aql were reported by Sachkov et al. (2007) . In that paper we outlined the frequency analysis procedure and discussed the main pulsation properties of 10 Aql, such as the presence of a node-like behaviour in the bisector variations, phases and amplitudes of radial velocity variation for different REE ions. Subsequently, Elkin, Kurtz & Mathys (2008) published an analysis of a short spectroscopic UVES time series of 10 Aql. These data, covering only 2 hours, were analysed without taking the multiperiodic character into account. The pulsation frequency of 1.428 mHz adopted by Elkin et al. coincides with neither of the two highest-amplitude pulsation modes in our data, but is close to the frequency f3 identifyed by Huber et al. (2008) and by our spectroscopic analysis (see below).
The present paper is organized as follows. In Sect. 2 we describe spectroscopic observations and data reduction. Section 3 describes methodology of the line identification and radial velocity measurements. The frequency analysis is outlined in Sect. 4. We establish a relation between photometric and spectroscopic variations of 10 Aql in Sect. 5. Line profile variations, indicating a pulsation node in the stellar atmosphere, and the discovery of a remarkable asymmetry in the Nd III lines are presented in Sect. 6. The paper ends with conclusions and discussion in Sect. 9.
OBSERVATIONS AND DATA REDUCTION

Time-series of UVES spectra
The main set of observational material analysed in this paper was obtained at the ESO 8-m VLT UT2 telescope using the UVES spectrograph. 10 Aql was observed for about 4 h during each of the following four nights in 2006: July 3, 9, 15, and 17. Each subset of observations consisted of 211 stellar exposures, followed by a ThAr lamp spectrum. We have used UVES in the 600 nm red-arm setting, that provided access to the 4980-6980Å spectral window. The wavelength coverage is complete, except for a ≈ 100Å gap centred at λ 6000Å. To facilitate the analysis of the narrow line profiles of 10 Aql and to improve the wavelength stability we used the UVES image slicer No. 3, resulting in a spectral resolving power of λ/∆λ ≈ 115 000.
10 Aql was observed with exposure times of 40 s. The fast readout mode of the UVES CCDs (625 kpix s −1 , 4-port, low gain) reduces the overhead to about 29 s, resulting in a time resolution of 69 s. The typical signal-to-noise ratio of individual spectra is 250-300 at λ = 5000-5500Å.
Reduction of the UVES spectra utilized a set of echelle spectral processing routines developed by Tsymbal, Lyashko, & Weiss (2003) and Lyashko, Tsymbal & Makaganuik (2007) . Their code performs the standard reduction steps (averaging of calibration frames, determination of the echelle order position, bias subtraction, flat fielding, extraction of 1-D spectra and wavelength calibration) and is optimized to treat the UVES slicer spectra. Further details of the application of this spectral reduction package to the time-resolved UVES observations of roAp stars are given by Ryabchikova et al. (2007b) . This paper also details the final reduction step in which we improve continuum normalization of the individual time-resolved spectra obtained in the same night. Observations were obtained in different nights, hence we have carried out an additional continuum rectification correction to achieve a global consistency of the continua in all 844 UVES spectra.
Our dataset of the UVES time-resolved spectra was complemented with the observations obtained in the context of program 077.D-0150 (Elkin et al. 2008) on July 24, which were taken with the instrumental setup identical to ours and consist of 105 exposures obtained with the same exposure time and sampling as in our observations. These spectra along with the appropriate calibrations were retrieved from the ESO Archive and were subsequently processed in the same way as our own observations. Thus, a total of 949 high-quality UVES spectra are available for the pulsational analysis of 10 Aql. 
Time-series of SARG spectra
In addition to the UVES time series, 10 Aql was observed at high resolution with the spectrograph SARG at the 3.55-m Telescopio Nazionale Galileo (TNG) at the Observatorio del Roque de los Muchachos (La Palma, Spain) in the three consecutive nights of July [14] [15] [16] 2006 . The total number of echelle spectra obtained with the SARG is 206. The star was monitored for 2.0-3.3 h using 70 s exposure times in each of the three nights. Including the 50 s overhead, the time resolution of these observations is 120 s. The SARG spectra cover the range of 4572-7922Å without gaps with a resolving power of about 86 000. The typical S/N ratio achieved for individual exposures is 90-150 at λ = 5000-5500Å. The spectra were reduced with standard procedures for spectroscopic observations which are part of the Image Reduction and Analysis Facility package of NAOA in the same way as in Leone & Catanzaro Leone & Catanzaro (2004) . The post-processing of 1-D extracted SARG spectra was performed consistently with the UVES spectra.
LINE IDENTIFICATION AND RADIAL VELOCITY MEASUREMENTS
To perform a careful line identification and to choose suitable lines for pulsation analyses, we have synthesised the whole spectral region with the model atmosphere parameters T eff = 7550 K, log g = 4.0, and abundances from Ryabchikova et al. (2000) . The mean magnetic field modulus of B = 1.5 kG (Kochukhov et al. 2002 ) was adopted. Atomic data were extracted from the VALD database (Kupka et al. 1999) , the revised atomic parameters for Nd III were taken from Ryabchikova et al. (2006) , and the synthetic spectrum calculations were carried out with the SYNTHMAG code (Piskunov 1999; Kochukhov 2007b) . We have measured radial velocities using the centre-of-gravity technique as outlined by Kochukhov & Ryabchikova (2001a) . A relatively low pulsation amplitude and a small number of spectral lines showing pulsation signatures seriously limited the usability of identification lists developed for other roAp stars. Therefore, we started by measuring practically all spectral lines (about 2000) in the July 3 time series in order to find lines with useful pulsation signatures. It turns out that the total number of such lines, both blended and unblended, is about 150. Most of the other lines belong to iron-peak elements which do not show significant RV variations or are blended to an unacceptable degree.
It is a well-known fact that spectroscopic pulsational variability of typical roAp stars is dominated by the lines of rareearth ions, especially those of singly and doubly ionized Pr and Nd, which are strong and numerous in the roAp spectra (see, for example, Savanov, Malanushenko & Ryabchikova 1999; Kochukhov & Ryabchikova 2001a) . 10 Aql is different in this respect from other roAp stars. REE lines are weak, in particular those of the first ions. Their equivalent widths are confined between 2 and 12 mÅ. The Pr and Nd overabundance inferred from the lines of the first ions does not exceed 1.0 dex. Radial velocity measurements from these very weak lines often have insufficient precision for the purpose of our investigation. Therefore, we used for our further analyses only the lines with an equivalent width larger than 5 mÅ. The line identification list compiled for the July 3 spectra was then applied to all other UVES observations, using consistent central wavelengths and measurement windows. (Kochukhov et al. 2002) . Taking into account the observed pulsation amplitudes and accuracy of RV measurements (defined primarily by the spectral line strength and central wavelength), we have selected 65 lines for the frequency analysis and the study of the pulsational wave propagation through the stellar atmosphere. This line list is provided in Table 4 .
We also report on the analysis of a subset of non-pulsating lines belonging to the iron-peak elements, Ca, and Ba. These results, given in Table 6 , demonstrate the overall accuracy of our pulsation measurements. Among the lines with definite radial velocity variation the lowest amplitude of 15±1 m s −1 is detected in the strong Y II 5662.9Å line (W λ = 57 mÅ). In comparison, for the non-pulsating lines of the same intensity the amplitudes are at the level of 2-4 m s −1 . We consider this to be the upper limit of pulsation amplitude for the lower atmosphere of 10 Aql. Note that although for many non-pulsating lines the free-period search yields values comparable to real frequencies of 10 Aql (see next Section), the False Alarm Probability (Horne & Baliunas 1986 ) of such signals is always large (Prob, listed in the Table is small).
In addition to the centre-of-gravity RV measurements, we studied bisector velocities across the Hα line core and profiles of the strongest REE spectral lines.
The UVES and SARG datasets overlap for about 1 h in the night of July 15. The radial velocities from the two spectrographs agree within the error bars, where the RV measurements with the SARG spectra are less accurate due to a lower S/N.
FREQUENCY ANALYSIS
We carried out the frequency analysis by applying the standard combination of discrete Fourier transform (DFT) and least-squares fitting. For each of the studied REE ions we found a number of lines showing clear pulsation signatures. Aiming to improve the signalto-noise ratio of the RV data, we subtracted linear trends from the measurements of different lines of the same ions and averaged these data. The RVs derived from the average of 5 Dy III lines turned out to be especially useful for the frequency analysis. In all nights of our UVES observations, 10 Aql exhibited a large variation in the RV amplitude, which often changed from < 100 m s −1 to 500-700 m s −1 in the course of a few hours. This behaviour, illustrated in Fig. 2 for Dy III, is caused by beating of several frequencies.
The total time span of the spectroscopic data set is about 25 hours, but the spectra were obtained in a period of 21 days and, thus, are characterized by a very low duty cycle. Despite the clarity of the pulsational RV variations, severe aliasing inhibits a secure identification of the frequencies from the spectroscopic data alone. For example, the peak with a highest amplitude is often found at 1.3853 mHz, which is a d −1 alias of the photometric frequency f2. The original motivation for simultaneous MOST and spectroscopic observations was to take advantage of the accurate photometric frequency information in the analysis of spectroscopic data. Therefore, we have adopted the three main MOST frequencies as the initial guess in a non-linear least-squares fitting procedure. Then, we optimized the amplitudes, phases and periods of the three frequency components for each REE ion. For a number of REE ions (Ce II, Nd III, Sm II, Eu II, Gd II, Tb III, Dy III) we were able to determine all three frequencies with a S/N = 10-60. The formal accuracy of the periods determined for each of these ions is comparable or better than for the MOST photometry. We attribute this result to a much higher S/N achieved in the spectroscopic observations. In Table 3 we report the weighted mean of the spectroscopic Figure 1. The amplitude spectra for the average Dy III radial velocities inferred from the UVES+SARG observations. a) the DFT of the radial velocity signal; b) spectral window; c) the residual amplitude spectrum obtained after prewhitening the three main frequencies f 1 -f 3 (dashed lines); d) the residual amplitude spectrum obtained after prewhitening the four frequencies f 1 -f 4 ; e) the residual noise after prewhitening the seven frequencies f 1 -f 7 from Table 3 . These frequencies are indicated by dashed lines, while the dotted lines correspond to the MOST candidate frequencies.
pulsation frequencies in 10 Aql. A comparison with MOST (Table 1) shows that all our frequencies deviate by less than 1 σ from the photometric results. After prewhitening the radial velocity curves with the three main frequencies, all REEs show residual amplitude peaks in the 1.3-1.5 mHz range. In the UVES data the residual RV variations have amplitudes between 10 and 50 m s −1 , and show different frequencies at the S/N level of 3-4, depending on the ion. None of these frequencies coincide with the candidate MOST frequencies fi and fj . Accurate determination of the low-amplitude frequencies in spectroscopy is hampered by the aliasing problem. Nevertheless, we note that the most promising spectroscopic candidate frequency is f = 1.3367 mHz. Variation with this period (or its aliases) is seen in Dy III, Ce II, Sm II, and Nd III. This frequency coincides with a sidelobe of a MOST orbital frequency harmonics and therefore does not contradict the space photometry reported by Huber et al. (2008) , because these frequency ranges were excluded deliberately from the analysis. The other candidate spectroscopic frequencies are 1.411-1.434 mHz (seen in Dy III, Tb III, Ce II, and Sm II) and 1.505-1.525 mHz (Dy III, Sm II, and Gd II). They are not observed in the MOST data. The amplitudes and phases of the three main periods do not change beyond their formal error bars when additional low-amplitude frequencies are included in the fit.
A lower S/N and the specific temporal coverage of the SARG observations close to minimum RV due to beating effects do not allow us to use these RV measurements for all REE ions. However, we found that the highest amplitude Dy III lines allow to analyse the complete set of UVES+SARG data and improve the frequency solution.
Three practically unblended Dy III lines (5345.37, 5556.13, and 5730.34Å) as well as two unidentified lines (5373.02 and 5471.42Å) that we propose to identify also as Dy III were chosen Table 3 . Secure (bold) and tentative (italics) spectroscopic pulsation frequencies of 10 Aql determined from the analysis of the average RVs of 7 REE ions derived from the UVES spectra (second and third columns) and from the average RVs of 5 Dy III lines measured in the UVES+SARG spectra (fourth and fifth columns). The numbers in brackets give the error in units of the last significant digit. for RV measurements. The linear instrumental trends were subtracted for each night of observations. Because of the negligible phase shift between the RV curves of these lines we can average the RV's and weight data according to the individual errors to increase the accuracy of the frequency analysis. After subtracting the three main frequencies, that are the same as detected by MOST or by using only the UVES data, the residual RV variations show amplitudes clearly exceeding the noise level in three distinct regions, indicating the presence of additional signal in the data (see Fig. 1c ). To reduce the aliasing problem the program SIGSPEC (Reegan 2007 ) was applied to the residuals for an accurate determination of additional low-amplitude frequencies. The main functionality of SIGSPEC is the evaluation of the probability that a signal in the Fourier-domain is not caused by random noise by taking frequency, amplitude and phase information into account, yielding a quantity called spectral significance. In addition, SIGSPEC employs an anti-aliasing correction procedure, in which several trial frequencies (starting with the one showing the highest significance) are prewhitened. The most probable frequency is assumed to be that which results in the lowest residual scatter of the data after prewhitening. The program Period04 (Lenz & Breger 2004 ) was used to check the SIGSPEC solution by calculating a multi-sine fit, allowing simultaneously to improve frequency, amplitude and phase of all detected signals. For the residual RV variations, the selection of the frequency at f = 1.4163 mHz yields the lowest residual scatter. Note that this peak does not coincide with the highest peak in the amplitude spectrum (see Fig. 1c ). Choosing another (e.g., the highest amplitude) frequency in this prewhitening step will yield an almost completely different set of subsequent frequency values, but not reaching the same low noise level.
After prewhitening of this signal two additional power excess regions remain (Fig. 1d) . In total, three additional frequencies are needed to obtain residuals that show only noise (Fig. 1e) . Table 3 and 5 lists all derived frequencies. Figure 2 shows a direct comparison of the RV observations and a seven-frequency solution, while Fig. 3 displays an amplified Table 4 . Summary of our spectroscopic pulsational analysis of individual spectral lines in 10 Aql. The columns give central wavelengths inÅ, followed by the free search period P with the respective error estimate σ P derived with a least-squares fit. The corresponding probability of a periodic signal (Prob.) is calculated according to Horne & Baliunas (1986) . The next three groups of columns give pulsation amplitudes and phases ϕ with the respective errors, determined with a simultaneous fit of three fixed pulsation periods indicated in the column head. Phases are given as a fractional pulsation period. The starting point for frequency calculations is HJD=24453919.60523.
Free period
Fixed periods λ P = 11.931 min P = 11.511 min P = 11.679 min part of the observations near beating. Clearly, using only the three definite MOST frequencies is not sufficient to fully reconstruct the observed variations. While the 7 frequency fit is an improvement one has to stress that the frequency identification is insecure due to the severe aliasing effects and it strongly depends -as was already mentioned -on the prewhitening sequence.
The discrepancy that none of the spectroscopically identified low-amplitude frequencies show up in the MOST photometry can be explained by their expected amplitude in the photometry of about 30 ppm, which is about 3 times the noise level as stated by Huber et al. (2008) . This estimate comes from scaling the RV amplitude of f1 to the highest peak in the residual RV variations and assuming the amplitude ratios to be similar in photometry and spectroscopy. Therefore, this additional signal might be lost in the noise. On the other hand, it has also been suggested that spectroscopic and photometric observations, probing different layers of the stellar atmosphere, can yield different pulsation frequencies (Kurtz, Elkin & Mathys 2006) . The clear lack of signal around 1.41 mHz in photometry, but which shows a convincingly high S/N in spectroscopy, could support this concept. That neither of the photometric candidate frequencies fi nor fj contribute to a good frequency solution for the RV variations corroborate that these frequencies are insecure, as was stated by Huber et al. (2008) , or indicate that the amplitude scaling between photometry and spectroscopy is not as simple as we assumed. The spectroscopic data does not show any signal close to the third frequency (∼ 1.24 mHz) proposed by Heller & Kramer (1990) and Belmonte et al. (1991) . This is consistent with the results obtained by MOST.
As already noted, our dominant pulsation frequencies are consistent with those determined from the analysis of the MOST data, but we find systematically different amplitude ratios. The MOST results indicate that f1 shows the highest amplitude and f2 is the second highest: A1/A2 = 1.1 ± 0.1 (Huber et al. 2008 ). However, in spectroscopy f2 (P = 11.931 min) exhibits the highest amplitude for nearly all lines (A1/A2 = 0.7-0.9). One can speculate that this discrepancy comes from a different sampling of the propagation regions in spectroscopy and photometry, respectively.
After improving the estimate for the three high-amplitude pulsation frequencies in 10 Aql, we determined amplitudes and phases (expressed as fractional pulsation period) for 65 selected lines based on this solution and using cos {2π[(t − t0)/P − ϕ]} to fit the RV curves instead of the usual cos {2π[(t − t0)/P + ϕ]}, which correlates a larger phase to a later RV maximum. The reference time adopted for pulsation phase calculations is HJD=24453919.60523. The results of the frequency analysis of individual lines in the data set containing all 5 UVES nights are reported in Table 4 . For all measured lines we also performed a period search with the periodogram method, which allowed us to estimate the probability of the pulsation signal detection (1− False Alarm Probability (FAP), see Horne & Baliunas 1986) . With a few exceptions, the FAP is below 10 −4 .
Tables 4 also gives the equivalent width of the pulsating lines. Notably, all REE lines with amplitudes significantly exceeding 100 m s −1 are very weak (equivalent width ∼ 10 mÅ or less). Their analysis becomes possible thanks to a high S/N ratio achieved in the time-resolved UVES spectra of 10 Aql. Table 6 . Summary of the frequency analysis of non-pulsating lines in 10 Aql. The columns give central wavelengths inÅ, followed by the free search period P with the respective error estimate σ P derived with a leastsquares fit. The corresponding probability of the periodic signal (Prob.), is calculated according to Horne & Baliunas (1986) . The last three columns give an estimate of the RV amplitude and error, and equivalent width of the line. 
PHASE RELATIONS BETWEEN PHOTOMETRY AND SPECTROSCOPY
Our spectroscopic time-series were carried out simultaneously with the MOST photometry. This gives us a unique possibility to derive directly the phase lag between the photometric and spectroscopic pulsational variations, which provide useful constraints for subsequent modelling of oscillations. Earlier attempts of similar simultaneous analysis of the spectroscopic and photometric observations were carried out only for one roAp star -HD 24712 -by Matthews et al. (1988) using ground-based photometry and by Ryabchikova et al. (2007a) using MOST photometry. The high S/N and spectral resolution of the present observations of 10 Aql allow us to derive phase lags for individual spectral lines, sampling different atmospheric layers. In order to minimize the influence of the higher (with respect to the spectroscopic observations) point-to-point scatter of the photometric observations, we have constructed an artificial light curve based on the frequencies, amplitudes and phases of the 3 dominant pulsation modes (f1, f2 and f3) as derived by a multi-sine fit to the MOST data. In a next step the artificial time-series were cross-correlated with the RV observations of the individual spectral lines. The time interval for the cross-correlation was chosen from plus to minus 11.93 minutes (the period of the main photometric frequency, f1), with an increment of 1 second. We note that the significant modulation of the pulsation amplitude due to beating of several frequencies helps to distinguish between a phase lag of, e.g., -0.2 and +0.8, which is impossible for a monoperiodic star. The results of the cross-correlation analysis for the representative set of spectral lines are given in Table 7 , where we define the phase lag as the difference between the RV maximum of a given line and the photometric maximum, expressed in seconds or as a fractional main pulsation period P = 11.93 min. The error of the phase lag determination was estimated as follows. We added a normally distributed random signal to both the spectroscopic and photometric data assuming that the noise amplitude corresponds to the observational error. For spectroscopy the error was derived from the RV determinations, and for photometry the MOST team recommended to use 2% of the signal. A phase lag was derived from these noisy data and repeated 200 times. The resulting standard deviation was adopted as an error of the phase lag determination.
In contrast to HD 24712, where the RV maxima for all lines preceded the photometric maximum, in 10 Aql the maximum of brightness occurs prior to the RV maxima but the phase lag itself depends strongly on the line considered. It is minimal (≈ 40 s) for the Eu II 6645Å line and gradually increases for other lines, reaching a maximum of 550 s in Tb III. The growth of the phase lag from Eu to Tb lines has the same character as in HD 24712. It probably traces the outward propagation of the pulsation wave through the atmospheric layers.
PULSATIONS IN SPECTRAL LINES
Phase -amplitude diagrams
The presence of chemical stratification in the atmospheres of Ap stars offers a unique possibility to resolve the vertical structure of pulsation modes. However, the line-forming regions for REE are difficult to derive. Atmospheric modelling for such purposes should account for chemical stratification, deviations from Local Thermodynamical Equilibrium (LTE), magnetic field, and, eventually, pulsation effects on the shape and intensity of spectral lines with substantial RV variability. The formidable difficulties of such an elaborated theoretical approach explain why up to now Nd and Pr line formation calculations accounting for NLTE and magnetic field effects in chemically stratified atmosphere have been carried out only for two roAp stars, γ Equ and HD 24712 (Mashonkina, Ryabchikova & Ryabtsev 2005; Ryabchikova et al. 2007c) .
The assumption that the line intensity or equivalent width represents a proxy of the relative formation heights, frequently used in early roAp pulsation studies (e.g. Kanaan & Hatzes 1998) , is only justified for the same element, respectively ion. It is now well established that stratification effects are dominant in the atmospheres of cool Ap stars and, therefore, the formation region of the weak lines of one element is not necessarily located deeper in the atmosphere than for strong lines of another element. Consequently, discussing pulsation amplitude or phase versus line depth in context of pulsation modes can be grossly misleading. Ryabchikova et al. (2007b) suggested a different approach to the pulsation tomography problem based on the assumption of a continuous amplitude versus phase relation for an outward propagating magnetoacoustic wave. They proposed to use phaseamplitude diagrams to diagnose the structure of pulsation modes based on the following arguments: If one neglects surface chemical inhomogeneity (which is a reasonable assumption for slow-rotating roAp stars), then both phase and amplitude may provide information on the relative line formation depth. For instance, a phaseindependent growth of the amplitudes measured for groups of lines belonging to different chemical species corresponds to a standing wave in the layers where these chemical species are formed. In the case of a phase-dependent amplitude trend, the lines showing later RV maximum should originate higher in the atmosphere. In the general case the vertical pulsation structure of roAp stars is likely to be a superposition of standing and running waves, corresponding to the decoupled magnetic and acoustic pulsation components which have different depth dependence (Sousa & Cunha 2008b ). In the same star pulsations in certain ions may trace the standing, magnetic part of the wave while other ions may show predominantly the running, acoustic component. The phase-amplitude diagram method is well-suited to characterize this behaviour thus offering the possibility of tracing the vertical properties of pulsation waves and studying the physics of magneto-acoustic oscillations from trends of pulsation velocity amplitude and pulsation phase without tedious assignment of the physical depth to each pulsation measurement.
The key assumption used in interpreting the phase-amplitude diagrams is that a later RV maximum corresponds to a higher line formation. This is supported by the gradual increase of pulsation phase with height from Hβ-, Hα-cores to Nd II-IIIPr II-III lines (e.g., Sachkov et al. 2006) in practically all roAp stars where formation heights of pulsating lines could be constrained independently of the pulsation analysis (Mashonkina et al. 2005; Ryabchikova et al. 2007c ). Since the chemical properties of most roAp stars are quite similar ) and their phase-amplitude dependences are also comparable (Ryabchikova et al. 2007b) , the assumption of continuous outward increase of pulsation phase appears to be reasonable from the empirical point of view. On the other hand, the general validity of this picture has been questioned in the theoretical work by Sousa & Cunha (2008a) . These authors demonstrated that using a certain combination of the model parameters (not applicable to 10 Aql or to any other roAp star), one can obtain a complex superposition of standing and outwardly propagating waves which would mimic an inwardly running wave. This situation may complicate interpretation of the phase-amplitude diagrams, and the case of 33 Lib (Sect. 9.3) possibly represents an example of such complex situation. However, a more realistic theoretical modelling using pulsation and atmospheric parameters relevant for specific roAp stars is required to confirm the reality of such complex depth dependence of pulsation phase.
Similar to the analysis of 10 roAp stars presented by Ryabchikova et al. (2007b) , we applied the amplitude-phase diagram method to 10 Aql. Furthermore, the availability of our rich spectroscopic observational material allows us to improve the precision of our previous analysis which was presented at the CP#Ap Workshop in 2007 by Sachkov et al. (2007) , and for the first time to recover the amplitude-phase diagrams for several pulsation modes in the same roAp star. These diagrams are shown in Fig. 4 for the 3 main frequencies observed in 10 Aql.
For the purpose of comparison, we plot bisector measurements across the Hα core in the amplitude-phase diagrams constructed via centre-of-gravity measurements. These measurements provide us with a physical depth scale in the atmosphere because hydrogen is distributed homogeneously with height. The core of the Hα line is formed in the region between log τ5000 ∼ −2 and log τ5000 ∼ −4.7 according to NLTE calculations using the codes described in Mashonkina et al. (2007) , As in other roAp stars, measurable pulsation amplitudes appear in the layers where Eu II, La II, and the core of Hα are formed, reach maximum and then show decrease of the amplitude. The phase increases by 0.2 across the Hα-line core while the RV amplitude grows by 4-5 times. We observe a running wave-like behaviour in this part of the stellar atmosphere. Above the formation height of the deepest point of the Hα profile (r = 0.15) the amplitude continues to grow rapidly without significant phase change. However, while in most other roAp stars the maximum RV amplitudes are observed in singly and doubly ionised Nd and Pr lines, in 10 Aql the maximum are seen for the lines of Ce II, Dy III and a couple of unidentified lines too, attributed by us to Dy III.
The lines of Nd and Pr are formed above the Dy III lines and show a RV amplitude rapidly falling to very small values. In even higher layers, the pulsation amplitude starts to grow again and reaches a new maximum in lines of Tb III. Simultaneously, the pulsation phase changes by ∼0.5 between the two maxima. This is a typical picture of a pulsation node in the stellar atmosphere: the phase changes by 180
• while on both sides of the phase jump we observe comparable RV amplitudes. The presence of the node is supported by the bisector measurements in Nd III lines (see below). If the optical depth scale indicated by the core of the Hα line is valid for other lines too, then we expect that the pulsation node is located near or above the optical depth of log τ5000 ∼ −4.5. However, it should be stressed that the amplitude and phase distributions with height in the atmospheres of roAp stars is expected to depend on the local magnetic field strength and inclination (Sousa & Cunha 2008b ). Thus, the inferred location of the node observed in the disk-integrated quantities represents the . Amplitude-phase diagrams for three main pulsation periods in 10 Aql: P = 11.93 min (a), P = 11.51 min (b), and P = 11.68 min (c).
average of the local vertical pulsation structure which, possibly, exhibits substantial variation over the stellar surface. Ideally one should take this variation into account when determining the exact vertical location of the node.
Among the lines of elements other than rare earths only the strongest line of Y II, λ 5662.9Å, shows low-amplitude but definite pulsation. As in most other roAp stars (Ryabchikova et al. 2007b ), this line overlaps with Pr III lines in the amplitude-phase diagrams.
The amplitude-phase diagrams for the three pulsation modes are very similar except, perhaps, Gd II and La II lines. Only 4 out . Bisector RV amplitudes (top) and phases (bottom) across the Hα core for the three main pulsation periods in 10 Aql: P 1 = 11.51 min (crosses), P 2 = 11.93 min (filled circles), and P 3 = 11.68 min (diamonds). The upper x-axis indicates the optical depth scale.
of 14 Gd II lines have equivalent widths larger than 7 mÅ. Also, most of Gd II lines are shallow due to substantial magnetic splitting; their central depth does not exceed 4-5 %. This makes pulsation measurements difficult. Pulsations can be detected in all Gd II, and it seems that this element shows higher amplitudes for the 11.51 and 11.68 min periods. The same situation is found for La II lines, which have even lower equivalent widths and lower RV amplitudes. This discrepant variation of the Gd II and La II lines for different frequencies may indicate a difference in the vertical extension of the corresponding modes. In particular, on the basis of these measurements, one may suspect that the frequency f2 (P = 11.93 min) corresponds to a pulsation mode located in higher atmospheric layers compared to f1 and f3. This agrees with the difference between photometric and spectroscopic amplitude ratios for f1 and f2.
Bisector variation
The RV amplitudes and phases across the Hα core are shown in Fig. 5 as a function of the normalized flux (scale at the bottom) and optical depth (scale at the top) for all three principal pulsation periods seen in 10 Aql. We find very similar behaviour for the three modes. In fact, the amplitudes of f1 and f2 are identical within error bars, whereas the amplitude of f3 is slightly lower. This sug- gests that the three modes sample the hydrogen line core formation region in a similar manner. Because of the weakness of most spectral lines, the only metal line suitable for a precise bisector analysis is Nd III 5102.43Å. This line is deep enough and its wings are free from blends. In many roAp stars this Nd III line is blended with Nd II 5102.39Å and should be used with caution. However, due to the overall weakness of the Nd II spectrum in 10 Aql, the blending effect is negligible.
Bisector measurements across the Nd III 5102Å line profile are shown in Fig. 6 . A phase jump of approximately 0.4-0.5 seems to be located in similar atmospheric layers for all three main frequencies. A bisector analysis provides an independent evidence for the pulsation node in the upper atmosphere of 10 Aql. This is the second case after 33 Lib (Mkrtichian et al. 2003; Kurtz, Elkin & Mathys 2005; Ryabchikova et al. 2007b ) of a pulsation node found in a roAp star located within the REE-rich cloud.
Nd III 5102Å line provides the most clear signatures of the pulsation node: phase jump of ∼0.5 of the period accompanied by the minimum in RV distribution. The start of the phase jump is seen in other Nd III lines as illustrated by Fig. 6 of Elkin et al. (2008) . In Nd III 6145Å line it also reaches ∼ 180
• , however, we did not analyze this line due to its known blend with Siı line that influences bisector RV values. Another strong Nd III 6237Å line was omitted from the bisector analysis, too, because it is blended in the red wing by one of Sm II, an element which also shows pulsation, but probably is formed deeper in the atmosphere (see our Fig. 4) .
In comparison to the bisector variation in the Hα core, the Nd III 5102Å bisectors behave differently for the three modes. The amplitude in the outer wings is the highest for f2, whereas the steepest phase jump is seen for f3. Based on the location of the maximum change of the bisector phase further outside in the wings, we tentatively conclude that the node region is located somewhat deeper for the f3 mode than for the other two frequencies.
ND III LINE PROFILE ASYMMETRY
Many cool Ap stars exhibit an unusually large broadening of the doubly ionized Nd and Pr lines, for which macroturbulent velocities of the order of 10 km s −1 are often needed to achieve a good fit to the observed line profiles (Kochukhov & Ryabchikova 2001a; Ryabchikova et al. 2007b) . The nature of this phenomenon is poorly understood, but it could be related to a turbulent instability in the upper atmospheric layers, possibly caused by the anomalous temperature gradient produced by a stratified distribution of the chemical elements. Although roAp stars are the ones most frequently showing this anomaly, it does not correlate with pulsation amplitude and is equally strong in stars in which pulsations at the level of 20-30 m s −1 are barely detectable . As discussed by Kochukhov et al. (2007) the modulation of turbulence by the periodic contraction and expansion of the pulsating atmosphere in roAp stars with higher amplitudes explains the characteristic asymmetric line profile variation of the REE lines, first detected by Kochukhov & Ryabchikova (2001a) in γ Equ.
10 Aql, too, shows remarkably broad lines of Nd III, but curiously we find that the strongest of these lines are also extremely asymmetric. This effect is illustrated in Fig. 7 for several Nd III lines. In this figure we show rare-earth line profiles in the spectra of four slowly rotating roAp stars: two stars with a small magnetic field, 10 Aql (T eff = 7550 K, log g = 4.0, ve sin i = 2.0 km s −1 , B = 1.5 kG) and HD 12932 (T eff = 7620 K, log g = 4.2, ve sin i = 2.0 km s −1 , B = 1.7 kG), and two stars with a large magnetic field, 33 Lib (T eff = 7550 K, log g = 4.3, ve sin i 2.0 km s −1 , B = 5 kG) and γ Equ (T eff = 7700 K, log g = 4.2, ve sin i 1.0 km s −1 , B = 4.1 kG) (Ryabchikova et al. 2007b) . For a comparison the profile of the magnetically insensitive non-pulsating (or weakly-pulsating) Feı 5434 line is also shown for all stars. The wavelength scale is expressed in velocity units relative to the line centres. The strongest Nd III lines in 10 Aql at λ 5102 and 5294Å have a remarkable blue asymmetric wing reaching out to −50 km s −1 . The red wing stops at ≈ 20 km s −1 as do both wings in the Nd III lines in the other roAp stars shown in Fig. 7 . In 10 Aql the blue wing asymmetry is still prominent in Nd III 6145Å and gradually disappears for weaker Nd III lines. The profiles of strongly and weakly pulsating lines in HD 12932 and γ Equ are symmetric. In 33 Lib the weakly pulsating Feı 5434Å line is symmetric while REE lines have a small red asymmetry. In 10 Aql the non-pulsating Feı 5434Å line has a clearly asymmetric red wing.
The available information is insufficient to attribute REE line asymmetries either to non-radial pulsations or to an anisotropic turbulent velocity field. The sign of the asymmetry suggests an outward flow of Nd-rich material in the layers probed by the wings of strong Nd III lines. However, this effect can be mimicked by a nonisotropic velocity distribution of an ion stably stratified in the upper stellar atmosphere, as discussed by Michaud (1978) for Sr in hotter CP stars. A similar investigation is needed for REE in cool Ap stars to shed light on the abnormal shapes of strong Nd lines in 10 Aql.
ROTATIONAL MODULATION
A comparison of the average spectra obtained in five UVES nights over a period of about 1 month did not show any hint of line profile or radial velocity changes on time scales of days. This supports the study by Ryabchikova et al. (2005) who have used own mean longitudinal field measurements and data taken from the literature to argue for a long rotational period of 10 Aql. To search for long-term variations we have compared the average UVES spectra with observations obtained in 2001 with the Gecko coudé spectrograph at the 3.6 m Canada-France-Hawaii telescope (Kochukhov et al. 2002) . We introduced additional broadening to the latter spectra to com- pensate for the difference in spectral resolution between Gecko and UVES. The global average spectrum of 10 Aql in the 6140-6165Å region and the residual spectra to this average are presented in Fig. 8 . A signature of weak variability can be seen in the centres of few strong lines of Caı, Fe II, Ba II, Nd III, as well as in the moderately weak Cr II line. We are confident that this variability is not an artifact due to using different spectrographs, because the intensity variations of Caı, Fe II, Ba II lines are in antiphase with the variations of Nd III and Cr II lines. Possibly, this is another evidence for a rotational modulation in the spectra of 10 Aql, indicating a long rotation period.
DISCUSSION
Reassessment of asteroseismic models
The additional spectroscopic frequencies could offer a new view on the large frequency separation ∆ν, a crucial factor for asteroseismology which is directly connected to the mean density in the star and describes the separation of consecutive radial overtones for high-order acoustic pulsation. Figure 9 shows a schematic amplitude spectrum including all intrinsic and candidate frequencies of both MOST photometry and spectroscopy. To first view, there is no apparent equal spacing visible. If we consider the four frequencies with high S/N (solid lines) to estimate the spacing, the only reasonable solution corresponds to f1 − f2 = 51 µHz, a value already noted by Huber et al. (2008) . Lower values (such as 20 or 30 µHz) although seem tempting, would however contradict the previously determined temperature and luminosity of 10 Aql (see Fig. 4 in Huber et al. 2008) . Assuming ∆ν = 51 µHz to be correct, Fig. 9 shows the expected position of other radial orders for three different spherical degrees ℓ (vertical dashed, dotted and dasheddotted lines, respectively) based on the position of the four highest S/N peaks. Evidently, the agreement is not very convincing. Nevertheless, an average deviation of about 5 µHz (which is needed to align the observed values to the expected position) is about the order of the frequency shifts of consecutive radial overtones due to the magnetic field perturbation as predicted by theory (see, e.g., Cunha 2006) . It must be noted, however, that such suggestion can lead to (almost) any desired result and therefore have to be considered with extreme caution.
Generally, the frequencies we derived from spectroscopy do not contradict to those from MOST photometry. But spectroscopic data provide an additional information useful for modelling. According to Huber et al. (2008) the best model describing the pulsation features in 10 Aql derived from spectroscopy corresponds to a star of 1.95M⊙, T eff = 7730 K and normal solar composition with the boundary reflection layer at log τ5000 ∼ −4. The spectroscopic analysis reveals a pulsation node in the Nd II -Nd III line formation region. A Non-LTE analysis of these lines suggested that they are formed in roAp stars in atmospheric layers above log τ5000 = −4 (Mashonkina et al. 2005) , thus indicating the position of the node. Indeed, a pulsation node is predicted at log τ5000 = −4 in a star of 1.95M⊙, T eff = 7730 K but assuming helium depletion (Saio, private communication) , which would better correspond to the typical chemistry of a magnetic peculiar star. Therefore, combining simultaneous photometric and spectroscopic observations, we expect to improve the pulsation model of 10 Aql. This analysis will be presented in the next paper.
Interpretation of spectroscopic pulsation measurements
Here, as in many other recent studies of pulsational RV variations of roAp stars, we interpret the measurements of amplitude and phase in terms of outward propagation of pulsation waves in a chemically stratified stellar atmosphere. Previously, this interpretation of spectroscopic observations of multiperiodic roAp stars was handicapped by short spectroscopic time series which did not allow to resolve frequency patterns of multiperiodic pulsators. Here we overcome this difficulty by combining time-resolved observations acquired during several nights, but with a poor duty cycle, with a continuous photometric monitoring by MOST at the same time. This strategy allows us to resolve the vertical structure of the three principal modes in 10 Aql and to study the propagation of pulsation waves independently for all three frequencies.
We detect a radial node in the region sampled by the formation heights of Nd and Pr for all three frequencies. The maximum amplitudes are observed for the Dy III and Tb III lines that are presumably formed below and above the region of the node. The existence of a node is supported by the bisector analysis of the Nd III 5102Å line.
By attributing the differences in the RV curves of different REE ions to the vertical structure of oscillations we have implicitly assumed that different species sample the horizontal structure of pulsation modes in a similar manner. This might not be the case if the vertical distribution of pulsation amplitude and phase depends strongly on the stellar surface position due to a spotty element distribution combined with an intrinsic dependency of the mode structures on the orientation and strength of the magnetic field. The importance of the latter effect, arising from a superposition of magnetic and acoustic components of pulsation waves, has been recently emphasized by Sousa & Cunha (2008b) .
Due to a long rotation period we are unable to constrain the surface abundance distribution of 10 Aql in the same way as it could be done for rapidly rotating roAp stars (Kochukhov 2006) . For this reason it is not straightforward to distinguish between the vertical and horizontal structural effects. At the same time we see only small changes in the line profiles in a comparison of observations obtained in 2001 and 5 years later. Furthermore, the independent evidence for a node provided by phase-amplitude diagrams and bisector analyses of different REE ions suggests that the observed phase variation corresponds rather to a vertical structure and not to a different horizontal sampling of the stellar surface.
Comparison with 33 Lib
A comparison of the pulsation properties of 33 Lib and 10 Aql is of considerable interest because these are the only roAp stars with clear signatures of a radial node in the upper atmosphere. Ryabchikova et al. (2007b) performed a pulsation analysis of 33 Lib using phase-amplitude diagrams, which enable a direct comparison of the vertical pulsation structure in two stars. The top panel of Fig. 10 displays the phase-amplitude diagram for 33 Lib, while bisector measurements of Nd III lines are compared for both stars in the bottom panel of Fig. 10 .
A pulsation node is clearly present in the atmospheres of both stars but the phase jump has opposite sign. Taking into account that the REE elements are concentrated in the upper atmospheric layers close to or even above the Hα line core formation zone, we can conclude from Figs. 4 and 10 that the phase changes by 0.5 between the formation zones of Dy III and Tb III in the upper atmosphere of 10 Aql, while it jumps by −0.5 between Nd II and Nd III in 33 Lib.
Interestingly, the bisector measurements give us just the opposite phase variation with depth if one treats the line profile as being produced in a normal stellar atmosphere where the line core is formed higher than the line wings. As we show in the lower panel of Fig. 10 , the phase decreases from the wing to the core in 10 Aql, and increases in 33 Lib. At present we do not have a definite in- terpretation of this discrepant behaviour. One can suspect that the the broad wings of strong REE lines actually originate in the outer atmosphere and hence show pulsational characteristics of these layers.
Although the atmospheric parameters of 10 Aql and 33 Lib are similar, 33 Lib has a much stronger magnetic field, B = 5.0 kG, and it has a higher overabundance of REEs (see Ryabchikova et al. 2004 ). In addition, it has a shorter main pulsation period, P = 8.27 min, with the first harmonic exhibiting the highest amplitude close to the position of a radial node. The negative phase jump and the shape of the amplitude-phase diagram (Fig. 10, upper panel) may be interpreted as a superposition of standing and running pulsation waves mimicing an inwardly propagating wave, as discussed by Sousa & Cunha (2008b) . A detailed study of chemical stratification and atmospheric structure of both stars is required for a secure interpretation of pulsation results and subsequent theoretical modelling.
Comparison with previous spectroscopic pulsation studies of 10 Aql
Non-radial pulsations in 10 Aql were investigated in four different spectroscopic observing campaigns, including the present one. Kochukhov et al. (2002) found that RV amplitudes in Eu II and Gd II lines exceed those determined for Nd III line, which was not typical for a roAp star. Additionally, Kochukhov et al. (2002) detected a change of RV amplitude between two consecutive nights of their observations. These characteristics of pulsational behaviour of 10 Aql are confirmed in the present more extensive analysis. Hatzes & Mkrtichian (2005) observed the star during 3 nights, clearly detecting pulsational variability in 5 lines. They found the highest pulsation amplitudes of a few hundred m s −1 in the three spectral lines of λλ 5373, 5471, 5730Å, which could not be identified. We also find significant amplitudes in these spectral features and tentatively identify these lines as Dy III, which allowed us to investigate variation of these lines in context of pulsation wave propagation through a stellar atmosphere with chemical stratification.
A recent study by Elkin et al. (2008) presented measurements of the pulsation amplitudes and phases based on UVES spectroscopic time-series over two hours, which we included in our present analysis allowing for an increase of our spectroscopic data by 10%. Elkin et al. (2008) assumed that 10 Aql pulsates with a main frequency of 1.428 mHz, which is, in fact, close to one of the three main frequencies unambiguously detected in our spectroscopy and in the MOST photometry, but with the lowest amplitude. The second frequency detected by Elkin et al. (2008) at 1.309 mHz is based on variations of Tb III lines, and is not seen in our more voluminous data. It probably is an artifact caused by, e.g., the limited time span of their spectroscopic observations of this multiperiodic pulsator.
Our study is the first to resolve the frequency spectrum of 10 Aql with RV measurements. We find, in agreement with precise space photometry, that pulsations of 10 Aql are dominated by three modes of comparable amplitude. Based on simulteneous spectroscopic and photometric observations, we were able to infer pulsational characteristics of individual modes as a function of height in the atmosphere of 10 Aql. We also obtained phase shifts between luminosity and RV variations providing constraints for modelling of roAp pulsation.
Since our time-series analysis is based on a set of three frequencies, the RV amplitudes that we report for individual lines cannot be directly compared with the results of previous studies which assumed monoperiodic variation of the star. However, a good agreement with the results by Elkin et al. (2008) is found if we compare relative amplitudes and phase differences of the spectral features in common. The two studies obtained qualitatively similar phase-amplitude diagrams, with the exception of discordant behaviour of weak Er III 5903Å line studied by Elkin et al. (2008) . The pulsation characteristics of this line deviate from the generally smooth phase-amplitude behaviour of other REE ions. We omitted this line from our pulsation analysis because it is located in the spectral region full of telluric lines and is blended by 3 atmospheric lines of different intensity. This blending is the most likely the reason for the deviating behaviour of the spectral line Er III 5903Å.
Amplitude modulation in spectroscopy
Time-resolved spectroscopic observations of roAp stars seemed to indicate that the pulsation amplitudes of REE lines can be modulated on a time scale of a few hours. This was first noted by Kochukhov & Ryabchikova (2001b) for α Cir and later observed by Kurtz et al. (2006) for a few other roAp stars. Since in many cases this modulation cannot be linked to known photometric pulsation frequencies, Kurtz et al. (2006) speculated that the amplitude modulation in spectroscopy suggests the discovery of a new type of pulsational behaviour in the upper atmospheres of roAp stars.
However, using relatively short and typically 2-hour long time series resulting in only 100-150 individual measurements, this discovery is doubtful, because such short observational data sets do not allow to resolve the frequency spectrum of multiperiodic roAp stars. In this context it comes not as a surprise that for the only two roAp stars, HD 24712 (Ryabchikova et al. 2007a ) and 10 Aql (this paper), for which an extensive spectroscopic (and photometric) monitoring over many nights was performed, no unexplained spectroscopic amplitude modulation could be found. All amplitude modulations in 10 Aql can be explained by beating effects of close frequencies. Hence, we recommend extreme caution in the interpretation of amplitude changes seen in short data sets.
